The metabolic pathway for the reduction and incorporation of sulphate in Paracoccus denitrzjicans strain NCIB 8944 has been elucidated and the control and regulation of the pathway is reported. Several enzymes of the sulphate metabolic pathway have been assayed in P. denitrificans grown on different substrates. In addition, several enzymes have been purified and in vitro inhibitor studies conducted on them. Cysteine plays a primary role in the control of sulphur metabolism in P. denitrzjicans.
Enzyme assays. ATP sulphurylase [ATP : sulphate adenylyltransferase; EC 2.7.7.41 activity was measured by the molybdolysis assay of Bandurski et al. (1956) or by the sulphate-dependent ATP-PPi exchange assay of Shaw & Anderson (1971 , 1972 . Inorganic pyrophosphatase [pyrophosphate phosphohydrolase; EC 3.6.1.13 activity was measured by the method of Shaw & Anderson (1972) . APS kinase [ATP:adenylylsulphate 3'-phosphotransferase; EC 2.7.1 .25] activity was measured by the method of .
Protein determination. Protein was determined by the method of Lowry using bovine serum albumin as standard.
Purification of ATP suZphuryZase. All operations were conducted at 4 "C and the buffer used throughout contained 20 mM-Tris/HCl, pH 8.0 and 5 mM-MgC12 unless specified otherwise. Crude extracts were prepared as described by Burnell et al. (197Sa) . The protein precipitating between 30 and 80% saturation with solid ammonium sulphate was dissolved in buffer and passed through a column (30 x 1-5 cm) of Dowex AG llA8, 50 to 100 mesh. ion retardation resin. Fractions (5 ml) were collected and those containing the bulk of the protein were pooled and applied to a column (75 x 3.5 an) of Sephadex G-200. From the Sephadex column, those fractions containing ATP sulphurylase but no inorganic pyrophosphatase activity were pooled and applied to a column (7.5 x 3.5 cm) of DEAE-52 cellulose. The column was washed with 50 ml 0.2 M-KCl dissolved in buffer and ATP sulphurylase was eluted with a 500 ml 0.2 to 0.5 M-KCl gradient. The fractions with the highest specific activity were pooled and dialysed against buffer.
Purification of inorganic pyrophosphatase. The crude extract was prepared and ammonium sulphate fractionation was carried out as described for the purification of ATP sulphurylase. Following dialysis the enzyme solution was applied to a column (75 x 3.5 cm) of Sephadex G-200 and those fractions containing inorganic pyrophosphatase but no ATP sulphurylase activity were pooled. The pooled fractions were loaded on to a column (8.0 x 3.5 cm) of DEAE-52 cellulose and the pyrophosphatase was eluted with a 250 ml 0.1 5 to 0.4 M-KC~ gradient. Fractions containing the highest specific activity of inorganic pyrophosphatase were pooled and dialysed against buffer.
R E S U L T S
In studying a sulphate transport or uptake system in intact cells it is important to determine sulphate uptake separately from sulphate incorporation by ascertaining the extent to which sulphate is free to leave the cell after it has been taken up. In experiments with Salmonella typhimurium, Dreyfuss (1 964) used mutants which lacked the sulphate-activating enzymes, thereby avoiding confusing sulphate uptake and sulphate incorporation. Of the [35S]sulphate taken up by P . denitrijkans in 2 min 99.7% of the radioactivity was recovered by washing the cells with water at 100 "C; all the radioactivity recovered was in the form of sulphate as demonstrated by paper chromatography. Therefore, the method of measuring the rate of sulphate uptake is essentially the same as that used by Yamamoto & Segel (1966) in their studies with Penicillium, being a determination of the amount of free [35S]sulphate within the cells following a brief incubation period. However, unlike the method of Yamamoto & Segel(1966) , the sulphate extracted by boiling water was not measured; instead, the time of the assay was restricted to a period over which all the sulphate taken up by the cells could m, Not determined.
* ATP sulphurylase was assayed by the ATP-PPi exchange assay; the specific activity of the PPI was maintained at a constant level. have been quantitatively extracted as free inorganic sulphate and the radioactivity in the cells was counted. The validity of this method therefore rests on the demonstration that practically all the sulphate taken up in 2 min can be extracted as sulphate by boiling water. The sulphate uptake assay was linear for at least 5 min. The sulphate uptake mechanism, ATP sulphurylase and APS kinase were repressed by growth on sulphite, sulphide and cysteine (Table 1) . Sulphate uptake was strongly inhibited by sulphite, thiosulphate and sulphide and partially inhibited by cysteine (Table 2) ; kinetic studies showed that the inhibition by thiosulphate was competitive (Fig. 1) by sulphite (Fig. 2) and sulphide (results not shown) was non-competitive. ATP sulphurylase was inhibited by sulphide and the end-products of the reaction, APS and PPi (Table 2 ) ; the inhibition by sulphide was competitive with respect to sulphate (Fig. 3) . No inhibition studies were conducted with APS kinase. The regulation of serine transacetylase, 0-acetylserine sulphydrylase and P-cystathionase in P. denitrijcans has been reported previously (Burnell & Whatley, 1977a) , as has the regulation of cysteinyl-and methionyl-tRNA synthetase (Burnell & Whatley, 1977b) .
In all enzyme and uptake systems investigated the inhibition by sulphite and sulphide was reversible; removal of sulphide from reaction mixtures by dialysis indicated no inactivation by sulphide. Furthermore, addition of Mg2+ to reaction mixtures did not affect sulphide inhibition.
DISCUSSION
Repression of one of the first enzymes in a metabolic pathway by the end-product of that pathway is a common mechanism of control in bacteria (Pardee, 1959) . Therefore, it is not surprising that the sulphate uptake mechanism was repressed by growth on cysteine ; cells of P. denitrificans grown on cysteine as the sole sulphur source lack the sulphate carrier (Burnell et al., 1975b) . The non-competitive inhibition of sulphate uptake by sulphite and sulphide suggests that they may function as physiological feedback inhibitors of sulphate uptake. Competitive inhibition of sulphate uptake by thiosulphate and the structural similarity between sulphate and thiosulphate suggests that thiosulphate and sulphate compete for the binding sites on the sulphate-carrier protein. The partial inhibition of the sulphate uptake system in P. denitriJcans differs from the complete end-product inhibition of the sulphate uptake system in E. coli (Ellis, 1964) but resembles the pattern of inhibition of the sulphate transport mechanism in S. typhimurium (Dreyfuss, 1964) . Repression of sulphate activation by growth on cysteine has been reported previously in E. coli and B. subtilis (Pasternak, 1962) and S. typhimurium (Kline & Schoenhard, 1970; Kredich, 1971) . In contrast to E. coIi ) the growth of P. denitrijicans on cysteine caused a doubling in the specific activity of serine transacetylase and 0-acetylserine sulphydrylase. These two enzymes appear to be constitutive enzymes in P. denitrificans and are controlled by feedback inhibition (Burnell & Whatley, 1977a) . The fact that these enzymes may be constitutive (2) and (4) and is a feedback inhibitor of enzyme ( 5 ) . Cysteine also inhibits enzyme (7). 0-Acetylserine inhibits enzymes (7), (8) and (9). Methionine represses enzyme (7) and inhibits enzymes (3, (6) and (7). Cysteine and methionine stimulate enzymes (9) and ( provides a possible means of converting toxic sulphide to a less toxic form should it be produced intra-or extracellularly. According to the results reported in this and other papers (Burnell et al., 1975a; Burnell & Whatley, 1977a, b) cysteine plays a central role in the regulation of sulphur metabolism in P. denitr/$cans. Cysteine is involved in, or has an effect upon, almost every enzyme or uptake system examined in this study. Cysteine represses sulphate uptake and sulphate activation, induces higher activity of serine transacetylase and 0-acetylserine sulphydrylase (Burnell & Whatley, 1977 a) and inhibits serine transacetylase and P-cystathionase (Burnell & Whatley, 1977 a) in addition to stimulating methionyl-tRNA synthetase (Burnell & Whatley, 1977 b) (Fig. 4) . 0-Acetylserine and methionine also play important roles in the sulphur metabolic pathway and its regulation (see Fig. 4 ).
Although cysteine, methionine and 0-acetylserine are not the only compounds involved in the regulation of sulphur metabolism in P. denitrijicans they do appear to be the most important. Homocysteine and sulphide also play significant roles in the regulation of sulphur metabolism in P. denitrijicans (see Burnell & Whatley, 1977a, b ; Burnell et al., 1975b) . No conclusions can be drawn on the role of sulphite and sulphide independently of cysteine in the repression of the sulphate uptake or sulphate activation systems in P. denitriJicans as both sulphite and sulphide will ultimately be incorporated into cysteine and the extent of enzyme repression by sulphite and sulphide may only reflect the relative rates of incorporation of these two anions into cysteine.
A scheme summarizing the pathway of sulphur metabolism and the roles of cysteine, 0-acetylserine and methionine in the regulation of the enzymes and the uptake system of sulphur metabolism studied in P . denitrzjicans is shown in Fig. 4 . No conclusions relating to the overall regulation of methionine biosynthesis can be drawn from this scheme as cystathionine y-synthase and homoserine transsuccinylase were not included in this investigation.
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